CM, Jones DP, Sutliff RL. Vascular oxidative stress and nitric oxide depletion in HIV-1 transgenic rats are reversed by glutathione restoration. Am J Physiol Heart Circ Physiol 294: H2792-H2804, 2008; doi:10.1152/ajpheart.91447.2007.-Human immunodeficiency virus (HIV)-infected patients have a higher incidence of oxidative stress, endothelial dysfunction, and cardiovascular disease than uninfected individuals. Recent reports have demonstrated that viral proteins upregulate reactive oxygen species, which may contribute to elevated cardiovascular risk in HIV-1 patients. In this study we employed an HIV-1 transgenic rat model to investigate the physiological effects of viral protein expression on the vasculature. Markers of oxidative stress in wild-type and HIV-1 transgenic rats were measured using electron spin resonance, fluorescence microscopy, and various molecular techniques. Relaxation studies were completed on isolated aortic rings, and mRNA and protein were collected to measure changes in expression of nitric oxide (NO) and superoxide sources. HIV-1 transgenic rats displayed significantly less NO-hemoglobin, serum nitrite, serum S-nitrosothiols, aortic tissue NO, and impaired endothelium-dependent vasorelaxation than wild-type rats. NO reduction was not attributed to differences in endothelial NO synthase (eNOS) protein expression, eNOS-Ser 1177 phosphorylation, or tetrahydrobiopterin availability. Aortas from HIV-1 transgenic rats had higher levels of superoxide and 3-nitrotyrosine but did not differ in expression of superoxide-generating sources NADPH oxidase or xanthine oxidase. However, transgenic aortas displayed decreased superoxide dismutase and glutathione. Administering the glutathione precursor procysteine decreased superoxide, restored aortic NO levels and NO-hemoglobin, and improved endothelium-dependent relaxation in HIV-1 transgenic rats. These results show that HIV-1 protein expression decreases NO and causes endothelial dysfunction. Diminished antioxidant capacity increases vascular superoxide levels, which reduce NO bioavailability and promote peroxynitrite generation. Restoring glutathione levels reverses HIV-1 protein-mediated effects on superoxide, NO, and vasorelaxation.
tant cause of morbidity in HIV-1 patients. Although much effort focuses on the contribution of HAART, there is increasing clinical evidence that HIV-1 itself increases the risk of developing cardiovascular disease. Studies preceding the era of HAART demonstrate that HIV-1-infected individuals exhibit vasculitis in small blood vessels and aneurysms in medium to large arteries (18, 61, 62) , and HIV-1-infected children have been reported to display severe arteriopathy (47) . Antiretroviral-naive patients display lower levels of high-density lipoprotein (HDL) cholesterol (39) , as well as markers of endothelial dysfunction including von Willebrand factor, plasminogen activator inhibitor-1 (PAI-1) antigen, vascular cell adhesion molecule-1 (VCAM-1), and E-selectin (38, 51, 81) . Recently, the Strategies for Management of Antiretroviral Therapy (SMART) Study Group concluded that cessation of antiretroviral therapy in HIV-1-positive patients increases their short-term risk of developing cardiovascular disease (29, 45, 90) , implicating viral factors in causing this effect. Together, these clinical studies demonstrate increased cardiovascular risk in HIV-1-infected individuals, even in the absence of antiretroviral therapy.
Increased production of reactive oxygen species (ROS), such as superoxide, is closely associated with the progression of cardiovascular diseases. Under normal physiological conditions, vascular smooth muscle cells and the endothelium strictly regulate the production and detoxification of ROS (60) . However, when stimuli chronically upregulate sources of superoxide production and/or downregulate endogenous antioxidant systems, cellular superoxide levels increase, leading to aberrant cell signaling, vascular smooth muscle cell hypertrophy and migration (95) , endothelial dysfunction, and, potentially, apoptosis (83) . High levels of superoxide also readily react with nitric oxide (NO) to produce the powerful oxidant peroxynitrite (93) . These reactive oxygen and nitrogen species attack iron-sulfur centers of heme-containing molecules, as well as form damaging adducts on lipids, proteins, and DNA (17, 41) . Moreover, NO reacting with superoxide reduces NO bioavailability (15, 40) . This has dire consequences, because NO is the primary endogenous vasorelaxant, downregulates cell adhesion molecules, inhibits platelet and leukocyte adhesion to the vascular wall, and prevents vascular smooth muscle cell proliferation (32, 35) . Superoxide plays a pivotal role in the development of cardiovascular diseases, not only through direct oxidative damage to the cell but also through the depletion of endogenous NO.
Evidence suggests that HIV-1 induces a state of chronic oxidative stress (6, 72) . HIV-1 patients demonstrate higher plasma concentrations of hydroperoxides and malondialdehyde (31) , indicative of polyunsaturated fatty acid peroxidation. The exact mechanism by which HIV-1 induces oxidative stress is unknown. Furthermore, the contribution of other factors in clinical studies (i.e., current antiretroviral therapy, disease stage, and smoking/drug abuse history, among others) complicates drawing definitive conclusions linking HIV-1 proteins to oxidative stress and cardiovascular disease. The NL4-3⌬ gag/pol HIV-1 transgenic rat model provides a noninfectious and relevant way to study the physiological effects of HIV-1 proteins in vivo. This transgene expresses a nonreplicative HIV-1 provirus under the viral promoter and encodes for the viral genes env, tat, nef, rev, vif, vpr, and vpu (23, 49) . Because the transgenic rat displays clinical manifestations that resemble those seen in HIV-1 patients, it is a useful model for studying HIV-1-associated neurological and cardiac pathologies (78) . Unlike other models that can demonstrate atypical distribution of transgene expression, the HIV-1 transgenic rat expresses viral gene products in the blood and lymphoid tissue similar to those in humans (78) . The endothelium is continually exposed to actively secreted viral proteins (19) , viral particles released from lysed host cells (69) , and infected monocytes due to its position between the blood and the vascular wall. Thus the transgenic HIV-1 rat model is a useful and appropriate tool for examining the physiological consequences of HIV-1 proteins on cells of the vasculature.
Because ROS play such a critical role in the development of cardiovascular diseases and HIV-1 proteins have been implicated in ROS production, we sought to explore a potential mechanistic link between HIV-1 protein-induced oxidative stress and vascular dysfunction. We hypothesize that HIV-1 protein expression in the transgenic rat model alters NO levels and that vascular oxidative stress plays a role in this effect. In this study, we investigated the effects of HIV-1 proteins on the vasculature, without the introduction of other complicating agents such as antiretroviral drugs, to determine the extent by which HIV-1 proteins by themselves lead to oxidative stress and promote cardiovascular complications. Aorta preparation. Rats were given a lethal intraperitoneal dose of pentobarbital. Aortas were excised, cleaned of loose fat and connective tissue, and maintained in physiological saline solution (KrebsHenseleit buffer: 118 mM NaCl, 4.73 mM KCl, 1.2 mM MgSO4, 0.025 mM EDTA, 1.2 mM KH 2PO4, 2.5 mM CaCl2, 11 mM glucose, and 25 mM NaH 2CO3, pH 7.4, in 95%-5% CO2 at 37°C). Care was taken to ensure that aortas were free of blood. All chemicals were of highest purity and purchased from Sigma.
MATERIALS AND METHODS

Wild
Systemic markers of NO production. Approximately 800 l of whole blood were obtained through cardiac puncture using a 26-gauge needle, snap-frozen in liquid nitrogen, and analyzed by electron spin resonance (ESR) spectroscopy. The three-line hyperfine spectrum of the five-coordinate complex of NO-Hb was measured in a Bruker EMX ESR spectrometer (Bruker Instruments, Billerica, MA) with the following settings: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude, 3 G; field center, 3,320 G; sweep width, 320 G; microwave frequency, 9.39 GHz; conversion time, 655 ms; time constant, 5.24 s; number of scans, 2; and sweep time, 336 s (26) . Amplitude of the NO-Hb signal was normalized to the weight of frozen whole blood.
Nitrite concentrations were determined using the nitrate/nitrite fluorometric assay kit (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's instructions. Serum was immediately separated from whole blood after collection. Serum was then ultrafiltered through sterile 30-kDa molecular mass cut-off filters, 10 l were incubated with 2,3-diaminonaphthalene and NaOH, and fluorescence was measured in a Wallac 1420 plate reader (Perkin Elmer, Boston, MA). Samples were run in triplicate from a total of four wild-type and four transgenic rats.
Serum S-nitrosothiol (RSNO) concentration was determined colorimetrically using a standard curve from purified S-nitrosoglutathione (GSNO). Standard/sample (400 l) was added to 200 l of solution C (1 volume 5% HgCl 2 in H2O and 10 volumes of 6.8% sulfanilamide in 0.4 N HCl). Next, 20 l of solution D [4% N-(1-naphthyl)ethylenediamine dihydrochloride in 0.4 N HCl] were added and mixed. Samples were incubated for 10 min, 250 l were transferred to a 96-well plate, and absorbance was measured at 550 nm. All reactions were kept on ice and run in duplicate.
Aortic NO measurements. Direct tissue NO levels were determined through ESR analysis of colloidal Fe(DETC)2-incubated aortas (26) . Briefly, 7.2 mg of diethyldithiocarbamate (DETC) and 4.45 mg of FeSO4 ⅐ 7H2O were individually dissolved under nitrogen flow in two 10-ml volumes of ice-cold sterile/deoxygenated 0.9% NaCl and passed through sterile 0.22-m filters. Aortic rings were placed in 12-well plates and incubated in 3.0 ml of cold Krebs-HEPES buffer (KHB: 99.0 mM NaCl, 4.69 mM KCl, 2.50 mM CaCl2 ⅐ 2H2O, 1.20 mM MgSO4 ⅐ 7H2O, 25.0 mM NaHCO3, 1.03 mM KH2PO4, 5.6 mM glucose, and 20.0 mM Na-HEPES, pH 7.4). DETC and FeSO4 were mixed 1:1, and 1.0 ml of the resulting colloidal Fe(DETC)2 was carefully added to each well at the same time. The final colloid concentration was 200 M. As a positive control, some aortic rings were preincubated with the calcium ionophore A-23187 (5 M) for 15 min to stimulate aortic NO production. As a negative control, other aortic segments were preincubated with the NO synthase inhibitor nitro-L-arginine methyl ester (L-NAME; 1 mM) for 60 min before A-23187 stimulation and incubation with Fe(DETC)2. The plates were incubated at 37°C for 60 min, whereupon the aortic rings were snap-frozen in the center of a 1-ml syringe containing ϳ0.7 ml of KHB. The frozen samples were measured using a Bruker EMX ESR spectrometer. The ESR settings for Fe(DETC)2 were as follows: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude, 5 G; field center, 3,290 G; sweep width, 90 G; microwave frequency, 9.39 GHz; conversion time, 328 ms; time constant, 5.24 s; number of scans, 4; and sweep time, 168 s. Aortas were placed in an oven overnight to obtain the dry weights for normalization purposes.
Isometric force measurements. Segments (5 mm) of thoracic aorta were mounted between stainless steel wires in an organ chamber containing Krebs-Henseleit buffer and connected to a Harvard Apparatus differential capacitor force transducer. For each aorta, resting tension was adjusted to 50 mN over a 1-h period. This tension falls within the range for maximal active force generation. Data were recorded using PowerLab digital acquisition and analyzed using Chart software. Concentration-response curves were generated to the contractile agents KCl (0 -50 mM) and phenylephrine (PE; 0.1 nM to 10 M). After precontraction with 2-5 M PE, a concentration that yields 80 -90% maximum contraction, relaxation responses were examined in response to the endothelium-dependent vasorelaxant acetylcholine (0.1 nM to 100 M) and the endothelium-independent NO-donor sodium nitroprusside (0.1 nM to 1 M). To determine the effects of a superoxide dismutase (SOD) mimetic on vasorelaxation, we also preincubated some aortas with 1 mM tiron for 45 min before the addition of acetylcholine.
Western analysis of aortic tissue. Aortas were homogenized in lysis buffer (82) , followed by sonication (10 ϫ 2-s burst at low power). The lysate was spun at 28,000 g for 15 min, and protein concentrations were determined using a bicinchoninic acid assay (Pierce, Rockford, IL). Equal amounts of sample protein (50 g/lane) were loaded onto a 4 -12% bis-tris PAGE mini gel, separated by electrophoresis, and blotted to polyvinylidene difluoride. Membranes were incubated overnight at 4°C in a 1:1,000 dilution of primary antibodies for endothelial NO synthase (eNOS; BD-Transduction, Lexington, KY), eNOSSer 1177 (Cell Signaling Technology, Danvers, MA), Cu/Zn-SOD (EMD Biosciences, San Diego, CA), Mn-SOD (Stressgen Bioreagents, Victoria, BC, Canada), actin (Santa Cruz Biotechnology, Santa Cruz, CA), GAPDH (Santa Cruz Biotechnology), Nox1 (Santa Cruz Biotechnology), Nox2 (BD-Transduction), p22phox (BD-Transduction), p47phox (Upstate Biotechnology, Lake Placid, NY), or xanthine oxidase (XO; Santa Cruz Biotechnology). The rabbit polyclonal antibody for Nox4 was kindly provided by Dr. David Lambeth (Emory University, Atlanta, GA). Proteins were visualized using LumiGlo (Millipore, Billerica, MA), and densitometry was accomplished using Bio-Rad Quantity One (version 4.5.0) software.
Tetrahydrobiopterin analysis. Tetrahydrobiopterin (BH4) analysis was determined using HPLC as described previously (53) .
In situ superoxide measurement. Dihydroethidium (DHE) staining for superoxide was described previously (27, 65) . Cleaned aortas were embedded in optimal cutting temperature compound (Electron Microscopy Sciences, Hatfield, PA) for cryosectioning, and 30-m sections were cut and placed on glass slides. DHE (10 M) was added, coverslips were placed over the sections, slides were incubated at 37°C for 30 min, and images were taken using a laser scanning confocal microscope (Olympus, Melville, NY). DHE fluorescence intensity was analyzed using NIH ImageJ software as previously described (54) .
ESR measurement of superoxide. Superoxide was determined by measuring the oxidation of the spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH; Alexis Biochemicals, San Diego, CA) (27, 28) . Aortic rings were cleaned and stored in cold, sterile, deoxygenated KHB with chelating agents (5 M DETC and 25 M deferoxamine). Aortic rings were placed in 12-well plates and incubated at 37°C for 60 min with 0.5 mM CMH prepared in KHB with chelating agents. Selected aortas were preincubated with 50 U/ml of polyethylene glycol (PEG)-SOD for 4 h before addition of CMH. PEG-SOD was also included during CMH incubation of those samples. The rings were frozen in 1-ml syringes containing KHB and snap-frozen. ESR measurements were done on the Bruker EMX ESR spectrometer with the following settings: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude, 5 G; field center, 3,340 G; sweep width, 80 G; microwave frequency, 9.39 GHz; conversion time, 655 ms; time constant, 5.24 s; number of scans, 2; and sweep time, 60 s. Aortas were placed in an oven overnight to obtain the dry weights for normalization purposes.
Real-time RT-PCR. Cleaned aortas were homogenized in 1 ml of RNA-Bee (Tel-Tests, Friendswood, TX), and RNA was purified according to the manufacturer's instructions. Total RNA (5 g) was reverse transcribed using random nanomer primers. Real-time PCR was then performed on the LightCycler (Roche Diagnostics, Indianapolis, IN) using primers for ␤-globin, XO, Nox1, Nox2, p47phox, Nox4, and p22phox (SuperArray Bioscience, Frederick, MD). mRNA expression was determined using the ⌬⌬CT (threshold cycle) method (58).
3-Nitrotyrosine analysis. Aortas were homogenized in sterile phosphate-buffered saline containing protease inhibitors and centrifuged at 12,000 relative centrifugal force (rcf) for 10 min at 4°C. Nitrotyrosine levels were quantified via ELISA (Northwest Life Science Specialties, Vancouver, WA) according to the manufacturer's protocol.
NADPH oxidase activity. Thoracic aortas were isolated, dissected free of adventitia, snap-frozen, and then used to prepare membrane fractions, as described previously (66) with minor modifications. In brief, the frozen aortic segments were homogenized in 350 l of 50 mM phosphate buffer (treated for 2 h with 5 g/100 ml Chelex-100 and filtered) containing the protease inhibitors aprotinin (10 g/ml), leupeptin (0.5 g/ml), pepstatin (0.7 g/ml), and phenylmethylsulfonyl fluoride (0.5 mM) (pH 7.4 at 4°C). The homogenate was centrifuged at 400 g for 10 min, and the supernatant was sonicated (at 4-W power) for 10 s on ice and centrifuged at 28,000 g for 15 min at 4°C. The membrane pellet was resuspended in 150 l of the homogenization buffer, and 20-g protein aliquots were used for ESR measurement of superoxide radicals induced by NADPH with 1 mM CMH, 200 M NADPH, and 0.1 mM diethylenetriaminepentaacetic acid in a total volume of 100 l of Chelex-treated PBS. The ESR spectra were recorded with an EMX ESR spectrometer (Bruker) and a superhigh-Q microwave cavity exactly as described previously (66) .
SOD activity. Aortic SOD activity was measured using the superoxide dismutase assay kit from Cell Technology (Mountain View, CA) according to the manufacturer's instructions. Mn-SOD activity was determined by measuring fluorescence in the presence of 3 mM NaCN.
GSH analysis. Approximately 50 mg of aortic tissue were homogenized and sonicated in 500 l of a 10% (wt/vol) perchloric acid solution containing 0.2 M boric acid and 10 M ␥-Glu-Glu. Homogenates were centrifuged at 10,000 rcf for 10 min at 4°C and derivatized with iodoacetic acid and dansyl chloride for HPLC analysis according to the method of Jones (46) .
Statistics. A Student's t-test analysis was done for simple comparison of two groups. A two-way ANOVA with Bonferroni post hoc test was used for comparison of multiple parameters. Statistical significance was defined as P Յ 0.05, and all values are means Ϯ SE.
RESULTS
HIV-1 transgenic rats display decreased circulating and aortic NO.
Decreased NO bioavailability disrupts vascular homeostasis and enhances the risk of developing cardiovascular disease. To examine bioavailable NO in the wild-type and HIV-1 transgenic rats, we measured markers of endotheliumderived NO in the blood and serum, as well as NO levels in the aorta. HIV-1 transgenic rats demonstrate decreased markers of circulating NO in blood and serum. Levels of NO-Hb in whole blood were ϳ47% higher in wild-type rats compared with HIV-1 transgenic rats (Fig. 1A) , and wild-type rats also had ϳ4.7-fold higher levels of the NO decomposition product nitrite in their serum (Fig. 1B) . Levels of another circulating marker of bioactive NO (88), serum RSNO, were also significantly higher in the wild-type rats compared with their transgenic counterparts ( Fig. 1C; 78.52 Ϯ 6.31 vs. 51.15 Ϯ 5.08 nmol/ml, respectively). To directly and quantifiably measure NO in the aortic tissue, we incubated isolated aortic rings with the colloid Fe(DETC) 2 and measured the amplitude of the NO-Fe(DETC) 2 signal using ESR spectroscopy. The HIV-1 transgenic rats had significantly less baseline aortic NO-Fe-(DETC) 2 than wild-type rats (Fig. 1D ). Rings were treated with the calcium ionophore A-23187 or the NO synthase inhibitor L-NAME as positive or negative controls, respectively, for ESR measurement of NO. As expected, A-23187 stimulation significantly increased the signal for NO-Fe(DETC) 2 , which was attenuated with L-NAME treatment.
Endothelium-dependent relaxation is impaired in HIV-1 transgenic rats. NO deficiency in the HIV-1 transgenic rats suggests that they may be predisposed to developing endothelial dysfunction. To determine whether transgene status affects vascular smooth muscle contraction, we determined aortic isometric force measurements in the presence of the contractile agents KCl and PE. No differences in sensitivity to KCl or PE were observed (data not shown). Next, we measured aortic relaxation by precontracting aortas with PE to 80% maximum contraction and completed concentration-relaxation curves to the endothelium-dependent vasorelaxant acetylcholine ( Fig. 2A) . Endothelium-dependent relaxation in response to acetylcholine was significantly impaired in aortas from HIV-1 transgenic rats. This decrease in relaxation is not attributable to reduced smooth muscle sensitivity to NO because aortas from wild-type and HIV-1 transgenic rats showed comparable responses to the NO donor sodium nitroprusside (Fig. 2B) .
NO depletion is not due to changes in eNOS. The principal source of NO in the vasculature is the constitutively active endothelial isoform of nitric oxide synthase (eNOS). To determine whether alterations in eNOS protein expression are responsible for the observed decrease in NO, we performed Western blot analysis on aortic tissue. Overall, there were no differences in total eNOS protein expression between wildtype and HIV-1 transgenic rat aortas (Fig. 3A) . We next investigated whether phosphorylation of eNOS-Ser 1177 was altered, since phosphorylation of this residue is one of the enzyme's main stimulatory posttranslational modifications (67) . Similar to total eNOS protein, eNOS-Ser 1177 phosphorylation levels were comparable between the wild-type and HIV-1 transgenic rats (Fig. 3B) . Aortic levels of the eNOS cofactor BH 4 , although similar to previously published values (52), also were not affected by transgene expression (Fig. 3C) , and the ratio of oxidized to reduced BH 4 was unaffected as well (Fig. 3D) .
HIV-1 transgenic rats display enhanced superoxide-mediated NO degradation. Increased superoxide levels may react with NO, thereby reducing NO availability and producing peroxynitrite. To qualitatively assess superoxide levels in wildtype and HIV-1 transgenic rats, we incubated aortic rings with DHE (Fig. 4A) , which oxidizes to ethidium in the presence of superoxide and fluoresces upon DNA intercalation (8, 27) . With the use of this technique, the HIV-1 transgenic aortas demonstrated ϳ1.7-fold greater fluorescence intensity than wild-type aortas, suggesting elevated superoxide levels in the transgenic rats (Fig. 4B) . Because DHE may be oxidized by other means (86) (14), aortic superoxide was also measured using ESR spectroscopy. ESR analysis using the superoxide spin probe CMH provides specific and quantitative measurements of superoxide. Aortas from HIV-1 transgenic rats had 2.4-fold higher superoxide levels than those from wild-type rats with this technique (Fig. 4C) . Preincubation with the superoxide scavenger PEG-SOD decreased the amplitude of Fig. 1 . Serum and aortic levels of nitric oxide (NO) are decreased in human immunodeficiency virus-1 (HIV-1) transgenic rats. A: whole blood from wild-type (WT) and HIV-1 transgenic rats was frozen in liquid N2, and levels of nitrosyl-hemoglobin (NO-Hb) were analyzed by electron spin resonance (ESR) spectroscopy. Results are expressed as relative units/mg frozen blood (n ϭ 6 -12). B: serum nitrite levels, a marker of endothelium-derived NO decomposition, were determined by incubating rat serum with 2,3-diaminonaphthalene. Samples were run in triplicate (n ϭ 4). C: S-nitrosothiol (RSNO), a marker of bioactive NO production, was measured in rat serum using a colorimetric nitrosylation assay. Samples were run in duplicate (n ϭ 4). D: basal NO levels in aortic tissue are significantly decreased due to HIV-1 transgene expression, as determined by ESR measurement of Fe(DETC)2-treated aortic rings. Open bars, WT aortas; shaded bars, HIV-1 transgenic aortas. Some rings were treated with the calcium ionophore A-23187 to stimulate NO production as a positive control, and others were treated with A-23187 and the NO synthase inhibitor nitro-L-arginine methyl ester (L-NAME) as a negative control. NO is expressed as relative units/mg dry weight of aorta (n ϭ 3-10). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001 vs. untreated and L-NAME-treated groups.
the superoxide signal, confirming the specificity of the CMH spin probe for superoxide.
Uncontrolled regulation of superoxide favors its reaction with NO to form the powerful and damaging oxidant peroxynitrite. This ROS nitrates protein tyrosine residues to create nitrotyrosines, which can be used as a footprint for the production of peroxynitrite and, thus, superoxide-mediated NO degradation. As determined by ELISA, levels of aortic 3-nitrotyrosine were significantly increased in the HIV-1 transgenic rats compared with wild-type rats (Fig. 4D) .
XO and NADPH oxidase expression are not increased in HIV-1 transgenic rats. To determine whether upregulation of superoxide-generating systems accounts for the elevated superoxide levels, we analyzed mRNA and protein expression of XO and NADPH oxidase components. No differences in mRNA levels of XO (Fig. 5A), Nox1 (Fig. 5C), Nox2 (Fig.  5E), p47phox (Fig. 5G), Nox4 (Fig. 5I), or p22phox (Fig. 5K) were detected between wild-type and HIV-1 transgenic aortas. Similarly, protein expression of XO (Fig. 5B), Nox1 (Fig. 5D) , Nox2 (Fig. 5F), p47phox (Fig. 5H), Nox4 (Fig. 5J) , and p22phox (Fig. 5L) were comparable between the two groups.
Because NADPH oxidase components may potentially be regulated by means other than differences in expression, we directly measured NADPH oxidase activity in isolated aortic membrane preparations using ESR (Fig. 6 ). In accordance with the lack of a difference in NADPH oxidase subunit expression between wild-type and HIV-1 transgenic rat aortas, no significant difference in NADPH activity was observed between our two experimental groups.
HIV-1 transgenic aortas have decreased antioxidant capacity.
A decreased ability to scavenge ROS may contribute to increased superoxide levels. Therefore, we examined the expression of important antioxidant systems responsible for detoxifying superoxide as well as other toxic free radicals. HIV-1 transgene expression lowered aortic protein levels of the endogenous cytosolic isoform of SOD by 31% (Cu/Zn-SOD; Fig. 7A ) but not the mitochondrial isoform Mn-SOD (Fig. 7B) . Activity of the two isoforms correlated with their protein expression because Cu/Zn-SOD activity in aortas from HIV-1 transgenic rats was significantly decreased (Fig. 7C) , whereas that of Mn-SOD was not (Fig. 7D ). In addition, HIV-1 transgene expression significantly reduced levels of total aortic GSH (Fig. 7E) by 47%, reflecting a decreased ability to detoxify other damaging vascular free radicals.
GSH restoration decreases aortic superoxide and restores NO levels in HIV-1 transgenic rats.
To further examine the importance of antioxidant depletion in HIV-1 protein-mediated vascular dysfunction, we gave rats the GSH precursor procysteine in drinking water (0.35%) for 3 wk and the measured superoxide and NO bioavailability. Our group (12) previously showed that this concentration of procysteine restores rat GSH levels and reduces pulmonary oxidative stress. Procysteine administration in HIV-1 transgenic rats significantly decreased aortic superoxide (Fig. 8A ) and concomitantly restored aortic NO (Fig. 8B ) and NO-Hb bioavailability (Fig. 8C ) to wild-type levels. Aortic force measurement experiments also demonstrate that procysteine treatment of HIV-1 transgenic rats improved acetylcholine-mediated aortic relaxation (Fig. 9A ) compared with vehicle-treated rats ( Fig. 2A) . Because changes in cellular GSH may directly modify signaling proteins independently of its effects on ROS levels, aortic endotheliumdependent relaxation was also measured in aortas preincubated with the SOD mimetic tiron (Fig. 9B) . Similar to the data from procysteine-treated rats, our experiments show that tiron effectively restored endothelium-dependent relaxation in the HIV-1 transgenic rats, emphasizing the role of oxidative stress in endothelial dysfunction in HIV-1 transgenic rats.
DISCUSSION
In the current study, we used a transgenic rat model to examine the relationship among HIV-1, oxidative stress, and vascular homeostasis. We have demonstrated for the first time decreased vascular NO and elevated vascular superoxide as a result of HIV-1 protein expression. More importantly, we have shown that these HIV-1 protein-mediated effects are reversed when rats are given the GSH precursor procysteine, thus highlighting the importance of antioxidant depletion and oxidative stress in HIV-1-associated vascular dysfunction.
Perhaps the most striking observation in the HIV-1 transgenic rat is the dramatic decrease in aortic tissue NO and NO metabolites in the blood. These findings support a previous Fig. 2 . HIV-1 transgenic rats demonstrate impaired endothelium-dependent relaxation. Isometric force measurements were determined from WT and HIV-1 transgenic rat aortas. Aortas were incubated with phenylephrine to 80% maximum contraction and treated with increasing concentrations of the endothelium-dependent vasorelaxant acetylcholine (A; n ϭ 8) or the endotheliumindependent vasorelaxant sodium nitroprusside (B; n ϭ 4). Statistical analysis was performed using two-way ANOVA with Bonferroni's posttest repeated measures. *P Ͻ 0.05; ***P Ͻ 0.001 compared with WT. TG, transgenic. study by Dickie et al. (24) , who demonstrated lower NO production in macrophages isolated from a murine HIV-1 transgenic model. Decreased NO levels are associated with increased endothelial cell permeability, activation, and dysfunction in a number of experimental systems. Endotheliumdependent relaxation data from this study provide compelling evidence for endothelial dysfunction in HIV-1 transgenic rats.
We observed similar impairment of endothelium-dependent relaxation in a mouse model expressing the same NL4-3⌬ gag/pol HIV-1 transgene (unpublished results), suggesting that this is not a species-specific observation. Furthermore, we found that endothelium-dependent relaxation was not impaired in 3-mo-old transgenic rats (data not shown), implying that the impaired vascular response occurs over time due to increased Fig. 3 . Transgenic HIV-1 protein expression does not alter total endothelial NO synthase (eNOS) protein levels, eNOS-Ser 1177 phosphorylation (pSer 1177 -eNOS), or tetrahydrobiopterin (BH4) levels. Total eNOS (A; n ϭ 3) and pSer 1177 -eNOS (B; n ϭ 6 -8) levels were determined by Western blotting and normalized to actin or total eNOS, respectively. Insets are representative images of blots. C: BH4 levels were measured by HPLC and normalized to total protein (n ϭ 3). D: the ratio of oxidized BH2 to reduced BH4 levels was determined (n ϭ 3). exposure to HIV-1 proteins. Although other groups have demonstrated endothelial dysfunction using a murine leukemia retrovirus model (5) or Tat-incubated porcine arteries (73) , our study has the advantage of measuring endothelial dysfunction in response to actual HIV-1 regulatory and structural proteins in circulation. NO depletion and endothelial dysfunction are clearly associated with HIV-1 transgene expression and support the transgenic rat as a useful model to study HIV-1-associated vascular effects.
Endothelial dysfunction promotes the development of cardiovascular disease in otherwise healthy individuals (37); however, it remains to be determined whether lower NO levels increase cardiovascular risk in HIV-1-positive patients. Studies have shown that HIV-1-infected patients have significantly less exhaled NO than uninfected individuals (59, 75) . In addition, NO deficiencies have been reported in HIV-1 patients with pulmonary tuberculosis (80) and toxoplasmic encephalitis (87) . Although it is tempting to speculate that NO deficiencies in the clinical setting predispose HIV-1 patients to cardiovascular risk, it is also important to note that other factors such as disease stage, antiretroviral treatment, and secondary infections may complicate the drawing of definitive conclusions. For example, the protease inhibitor (PI) indinavir reduces endothelial NO and enhances endothelial dysfunction in healthy HIV-1-negative men (83) . Patients receiving a PI-based therapy also demonstrate significantly greater carotid intima media thickness than patients on a non-PI-based therapy or HIV-1-negative volunteers (85) . Nevertheless, endothelial dysfunction, as determined by impaired flow-mediated dilation (FMD) of the brachial artery, has been reported in some HIV-1-infected patients with no associations between FMD and antiretroviral drug regimens (9, 10, 84) . These clinical findings argue for a potential viral effect on endothelial dysfunction in vivo. Our current study provides compelling evidence that HIV-1 protein expression in the transgenic rat model causes endothelial dysfunction, as determined by NO depletion and impaired endo- In assessing NO biomarkers, we determined that HIV-1 transgenic rats have lower levels of NO-Hb and serum nitrite. ESR measurement of NO-Hb has proven to be a highly quantitative and specific method for detecting endotheliumderived NO bioavailability in vivo (26) . Similarly, although NO decomposition produces both nitrate and nitrite, circulating nitrite levels positively correlate with endothelial-specific NOS activity (48, 55) . Studies utilizing eNOS Ϫ/Ϫ mice or specific pharmacological inhibitors have demonstrated that eNOS is the source of Ͼ70% of circulating nitrite and that serum nitrate levels reflect NO production from other NOS isoforms or from dietary nitrate intake (48, 89) . Therefore, we decided to determine whether the effects of HIV-1 transgene expression on NO levels are the result of alterations in eNOS. Interestingly, we did not detect any differences in total eNOS expression when measuring eNOS protein levels. In addition, no significant differences in phosphorylation of eNOS-Ser 1177 or BH 4 levels were detected. Although the lack of an effect on BH 4 suggests that eNOS is likely not uncoupled in the HIV-1 transgenic rats, it is possible that decreased L-arginine or increased asymmetric dimethylarginine (ADMA) could lead to eNOS uncoupling (34) . However, our data collectively suggest that differences in eNOS regulation, as measured by eNOS-Ser 1177 phosphorylation and BH 4 availability, do not explain the decreased NO levels in HIV-1 transgenic rats.
We next examined ROS, particularly superoxide, in aortas from wild-type and transgenic rats, because increased superoxide is associated with various cardiovascular diseases. Moreover, when superoxide is present in high enough concentrations, reaction rates favor the interaction of superoxide with NO (7). This reaction depletes NO levels and concomitantly creates the damaging oxidant peroxynitrite. Although our DHE fluorescence data qualitatively indicate that HIV-1 protein expression induced vascular oxidative stress, ESR experiments in intact vascular sections unequivocally demonstrated increased superoxide, which was restored to wild-type levels upon preincubation with the superoxide scavenger PEG-SOD. ESR analysis using the spin probe CMH has certain technical advantages over other methods of superoxide detection, including high sensitivity and specificity, low cellular toxicity, long half-life and stability, and resistance to auto-oxidation (27) . Moreover, peroxynitrite generation was higher in the transgenic rat aortas according to our ELISA data for 3-nitrotyrosine, a footprint of peroxynitrite damage. These data support findings from Bauer's group that show increased 3-nitroty- Fig. 7 . Antioxidant levels are decreased in HIV-1 transgenic rat aortas. Aortic homogenates were analyzed by Western blot for Cu/Zn-SOD (A) and Mn-SOD protein levels (B) and normalized to actin expression. Insets show representative blots (n ϭ 6 -7). Activities of Cu/ Zn-SOD (C; n ϭ 6) and Mn-SOD (D; n ϭ 4 -6) were measured fluorometrically from aortic homogenates. E: total aortic tissue glutathione (GSH) levels were quantified by HPLC (n ϭ 6). *P Ͻ 0.05; **P Ͻ 0.01 compared with WT.
rosine immunostaining in aorta and coronary vessels from a murine LP-BM5 retrovirus-infection model, as well as increased 3-nitrotyrosine immunostaining in left ventricular myocardium of HIV-1-positive patients (5). Our group (44) has also previously demonstrated increased nitrotyrosine levels in the lungs of HIV-1 transgenic mice challenged with endotoxin. Thus these data show that aortas from HIV-1 transgenic rats are in a state of oxidative stress. The reduction in NO in the transgenic rats most likely arises not through alterations in eNOS expression or regulation, but rather from enhanced superoxide-mediated NO degradation.
Increased superoxide levels arise from an increase in superoxide-generating systems and/or impairment of superoxide scavenging. Others have reported that HIV-1-Tat activates NADPH oxidase in human umbilical vein endothelial cells in culture (94) . Our current study does not demonstrate upregulation of NADPH oxidase subunits, which may be explained by inherent differences between in vitro and in vivo experimental systems. However, we believe the HIV-1 transgenic model more accurately mimics the effects of viral proteins on the vasculature in the clinical setting, given that it takes into account the effects of circulating HIV-1 protein levels, as well as the effects of multiple HIV-1 proteins (i.e., Nef, gp120) rather than Tat alone (78) . Our data also do not allow us to conclusively exclude a potential contribution of mitochondria to total cellular superoxide levels. However, the lack of an effect on Mn-SOD, which is the primary line of defense against mitochondrial superoxide, suggests that the elevation of superoxide in the HIV-1 transgenic aortas is likely not due to changes in mitochondrial ROS generation. Although we did not detect differences in XO or NADPH oxidase subunit expression or NADPH oxidase activity, we present data showing decreased expression and activity of the cytosolic isoform Fig. 9 . Superoxide scavenging improves endothelium-dependent vasorelaxation in HIV-1 transgenic rats. A: rats were given 0.35% procysteine for 3 wk in their drinking water. Force measurements were measured in isolated WT and HIV-1 transgenic rat aortas. Aortas were incubated with phenylephrine to 80% maximum contraction and treated with increasing concentrations of the endothelium-dependent vasorelaxant acetylcholine (n ϭ 7-8). B: endotheliumdependent relaxation was measured in isolated aortas from vehicle-treated rats that were preincubated with the SOD mimetic tiron (n ϭ 3-4). of SOD, which is the enzyme responsible for the dismutation of superoxide to hydrogen peroxide. This decrease in Cu/Zn-SOD activity is likely to be physiologically significant, given that Cu/Zn-SOD is the major isoform in the rodent vasculature, accounting for 50 -80% of total SOD activity (30) . In addition, aortic levels of the antioxidant GSH were significantly depressed in the HIV-1 transgenic rats, suggesting a diminished capacity to detoxify other free radicals in the vasculature.
Reductions in SOD are reported in many models of vascular disease but are often believed to be a consequence of enhanced oxidative stress from other sources. However, genetic studies in mice show that Cu/Zn-SOD deficiency directly increases vascular oxidative stress and impairs endothelium-dependent relaxation (22, 25) . Moreover, depleting GSH by administering the GSH synthase inhibitor buthionine sulfoximine (BSO) has been used as a model to cause impaired endothelium-dependent vasorelaxation (56) as well as severe hypertension in rats (91) . Thus reductions in antioxidant capacity, although likely not the most common means of primarily elevating vascular oxidative stress, have been causatively associated with the development of vascular disease in various models. It is possible that this unusual condition in the HIV-1 transgenic rats is due to the activity of unique HIV-1 proteins. For example, the viral protein Tat, which is expressed and functional in our HIV-1 transgenic rats (78) , is a known transcriptional transactivator of many host cellular genes and has been shown to directly repress SOD mRNA transcripts in nonvascular cell types (33) . It is possible that Tat directly regulates the Cu/Zn-SOD mRNA transcript in the endothelium or vascular smooth muscle cells in the HIV-1 transgenic rats. Alternatively, Tat may activate signaling pathways in endothelial cells that inhibit sod1 promoter activity. Incubation of endothelial cells with recombinant Tat increases tumor necrosis factor (TNF)-␣ production (1), and TNF-␣ inhibits Cu/Zn-SOD promoter activity through activation of the JNK pathway (2). Tat-induced activation of TNF-␣ and JNK signaling may inhibit vascular Cu/Zn-SOD gene transcription, decrease Cu/Zn-SOD protein and activity, and increase superoxide levels. This may provide a potential positive feedback loop in the context of HIV-1 infection as viral replication, and thus Tat production, are increased by the activation of the redox-sensitive transcription factor NF-B (63). Tat-mediated reduction in Cu/Zn-SOD may increase superoxide levels, which may then stimulate HIV-1 replication and viral protein production in a continuous cycle. Clearly, more research is warranted to determine the mechanism by which HIV-1 protein expression in the transgenic rat decreases Cu/Zn-SOD, as well as the potential role that GSH depletion might have on this observation.
Interestingly, HIV-1 patients have lower levels of the antioxidants ascorbic acid, tocopherol, carotenoids, SOD, and GSH (13, 31, 76) . Our data show that HIV-1 protein expression in the transgenic rat decreased antioxidant levels, which likely accounts for the observed increase in vascular superoxide. This concept is further reinforced by our data showing that procysteine treatment of transgenic rats lowered aortic superoxide, increased aortic NO-Fe(DETC) 2 , and restored NO-Hb to wildtype levels while improving acetylcholine-mediated vasorelaxation. Although procysteine supplementation is most likely not a cure-all, this finding begs the question of whether antioxidant therapy in patients could at least ameliorate some HIV-1-associated complications. Administration of the GSH precursor N-acetyl-cysteine to HIV-1 patients is associated with restored GSH levels and decreased mortality (42) . Dual vitamin C and E supplementation reduces plasma lipid peroxidation and oxidative stress in HIV-1-positive individuals (3), and treatment with multivitamins (containing vitamins B, C, and E) significantly reduces the incidence of hypertension in HIV-1-positive pregnant women (64) . Similarly, twice daily supplementation of HIV-1 patients with either selenium or ␤-carotene for 1 yr prevented an increase in serum von Willebrand factor and soluble thrombomodulin (21) , two common markers of endothelial dysfunction. By therapeutically targeting the source of HIV-1-induced oxidative stress, through either antioxidant supplementation or target-based drug development, we may be able to help prevent or ameliorate the progression of cardiovascular disease in HIV-1 patients.
The HIV-1 protein(s) that increase cardiovascular risk are unknown, as is the exact mechanism by which this occurs. More than likely, HIV-1-associated cardiovascular disease progression is a multifactorial process, resulting from a combination of viral proteins interacting through distinct pathways. Recently, Mujawar et al. (68) demonstrated that Nef inhibits cholesterol efflux from ABCA1 transporters in macrophages, which are responsible for lipidation of apoA-1 and the production of HDL. In the context of HIV-1 infection, Nef may reroute host cholesterol transport to support viral replication and thereby lower circulating HDL levels. This decrease in HDL, coupled with an increase in lipid-laden macrophages, may contribute to increased cardiovascular risk in HIV-1-positive patients. In addition to altered lipid metabolism, Nef and Tat are associated with ROS generation in monocytes and microglia (50, 71, 92) , and transgenic mouse studies have shown that Tat decreases liver and cardiac GSH (20, 77) . Tat and gp120 induce expression of cell adhesion molecules (79) and lead to increased endothelial cell permeability (4, 11, 79) and dysfunction (73) . Protein expression of Nef, Tat, and gp120 has been reported previously in the spleens of HIV-1 transgenic rats (78) . Furthermore, gp120 is also present in transgenic rat macrophages, B cells, T cells, and in the serum at a concentration of 141 pg/ml (78) . These levels are lower than reported circulating levels in HIV-1 patients (36, 70) , suggesting that our results may actually underestimate the direct effects of HIV-1 proteins on the vasculature in humans.
Our study adds to the growing body of evidence linking HIV-1 infection to cardiovascular disease. We have shown that in the absence of antiretroviral therapy, HIV-1-protein expression reduces vascular and systemic NO bioavailability. Furthermore, HIV-1 transgenic rat aortas demonstrate significantly less maximum relaxation to acetylcholine, indicative of endothelial dysfunction. NO depletion likely does not occur through regulation of eNOS, but rather through enhanced superoxidemediated degradation. The reduction of vascular antioxidant capacity allows for elevated superoxide levels to react with NO, resulting in NO depletion and the production of peroxynitrite. The increase in vascular ROS coupled with NO deficiency predisposes the aorta to cardiovascular risk. Procysteine administration reverses these effects, highlighting the importance of antioxidant reduction in HIV-1-associated cardiovascular disease. These findings further the state of the field in three major ways. First, they show that HIV-1 proteins, in the absence of antiretroviral therapy, likely contribute to increased cardiovascular risk by inducing oxidative stress in HIV-1 patients. Second, our findings validate use of the HIV-1 transgenic rat as a safe and appropriate small-animal model for studying HIV-1-induced cardiovascular disease. Finally, our findings point to the importance of antioxidant deficiencies in causing HIV-1-associated cardiovascular disease and suggest the possibility of pharmacologically targeting antioxidant systems for future drug development in this growing population.
